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Fermi surface of LaRu,P;,: A clue to the origin of the metal-insulator transition in PrRu 4P,
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We report the de Haas—van Alph&iHvA) effect and magnetoresistance in the filled-skutterudite supercon-
ductor LaRyP;,, which is a reference material of Pri®y, that exhibits a metal-insulatgM-1) transition at
Ty =60 K. The observed dHVA branches for the main Fermi surf&® are well explained by the band-
structure calculation, using the full potential linearized augmented-plane-wave method with the local-density
approximation, suggesting a nesting instability wiqth(1,0,0 in the main multiply connected FS as expected
also in PrRyP;,. Observed cyclotron effective masseg®6-11.8my, which are roughly twice the calculated
masses, indicate the large mass enhancement even in the La-skutterudites. Comparing the FS between
LaRwP;, and PrRyP;,, an essential role af-f hybridization cooperating with the FS nesting in driving the
M-I transition in PrRyP;, is clarified.
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The filled-skutterudite  compounds RTr,Pn,, (R  compounds experimentally to understand the origin of the
=rare earth; Tr=Fe,Ru,Os; and Pn=pnictogdrave at- M-I transition in PrRyP;,. However, the high transition tem-
tracted much attentidrfor exhibiting novel physical proper- perature ofTy, =60 K prevents the observation of dHVA
ties, i.e., metal-insulatofM-I) transition? unconventional oscillations in the metallic state of PriRj,. As an alterna-
superconductivity;* semiconducting behavié® magnetic  tive way, the experimental determination of FS in LaRy
ordering® and their prospect in thermoelectric applicatidns. should be useful to understand the origin of the M-I transi-
Particularly interesting are Pr-based skutterudites, in whicltion in PrRyPy,, if it is carefully compared with the com-
quadrupolar interactions are believed to play an importanputed FSs of the two compounds based on the band-structure
role for the anomalous propertig&=® PrRyP;, shows an calculation.
exotic M-I transition atT,, =60 K> probably with a non- We have succeeded in growing high-quality single crys-
magnetic origin, as suggested by no anomaly in the magneti@ls of LaRuP;, and in observing the dHVA effect, the pre-
susceptibility(y) and no essential effect of the magnetic field liminary result of which has been briefly reported in Ref. 20.
on the specific-heat anomaly up to 12*f Although several In this paper, we report the detailed experimental results on
studies have been carried ddf-14the mechanism of the the dHVA effect and magnetoresistance along with the band-
M-I transition remains one of the most mysterious puzzles irstructure calculation in LaRR,, followed by a discussion
the skutterudites. on the possible origin of the M-I transition in Priy,.

From the band-structure calculatitii” Harima has sug- Single crystals of LaRiP;, were grown by the tin-flux
gested that the M-I transition could be triggered by themethod, which is basically the same as described in Ref. 5.
nearly perfect nesting of the main Fermi surfdé&) with ~ The raw materials were 4KD9.99% purg -La, -Ru, 6N-P,
q=(1,0,0; the shape of the main FS is nearly cubic and itsand 5N-Sn. The residual resistivity ratiRRR) of the
volume is one-half of the body-centered-cultlicc Bril-  Present sample is about 700, indicating the high sample qual-
louin zone (BZ). Actually, both the electrdA and the ity. The dHVA experiments were performed in a top loading
x-ray'213 diffraction experiments have revealed a doubling’He cryostat down to 0.4 K with a 15 T superconducting
of the unit-cell volume acros3,,; it is suggested that the (SC) magnet and a top loading dilution refrigerator cooled

structure changes from ba¢m3) to simple cubic(PmE), down to~30 mK with a 17 T SC magnet. The dHVA signals

caused by the different shift of Ru and P ions around wwavere detected by means of the conventional field modulation

adjacent Pr ions, i.e., between the corner and body-centeré]aemOd with a low frequencif ~10 H2). The magnetoresis-

Pr ion sites in bcc structure. However, the predicted distoriance was measured by the dc four-probe method using a top

. 3 . .
tion of the P ion to obtain an insulating band structure isloadmg He cryostat equipped with a 16 T SC magnet.

much larger than that experimentally determined by the x-ray Eigu_re 1 showsa) a typical recqrder trace Of the dHvA
diffraction1217.18|f the 4f electrons in PrRyPy, are local- oscillations andb) the corresponding fast Fourier transfor-

- L ; : : tion(FFT) spectra in LaRyP;, at 31 mK for the magnetic
ized, as indicated by the Curie-Weiss behavioggfor only ma .y 12 )

weakly hybridize with conduction electrons, then the elecfield (H) along the(ll]} direction. The deA.S|gnaIs hav.e.
tronic structure is expected to be basically the same as tHee€n observed just above the superconducting upper critical

reference material LaRBy,, which shows a superconduct- 11€ld Hcz2~36.5 kOe, indicating also the high quality of the
ing transition atTc=7 K,!® without a 4 electron. In that SamPple. Figure @) shows the angular dependences of dHVA

case, LaRyP;, is also expected to have the same nestingrequencies both in théd10) plane and th€110) plane. The
instability, however no M-I transition has been reported.calculated dHVA frequencies are shown in Fi¢h)2the de-
Thus, it is essentially important to clarify the FS of both scription of which is given later. In the experiment, six fun-
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FIG. 1. (a) Typical dHVA oscillations andb) its fast Fourier
transformation(FFT) spectrum in LaRP;,.

TMR increases with the field, then an open orbit exists for

the direction perpendicular to both the current and field. In

the present experiment fddl[100], TMR increases with

damental dHVA branches labeled 8, w, 6, &, andu have  H1.1 syggesting the existence of an open orbit.

been observed. The largest frequency braads observed In order to assign the origin of dHVA branches, the band-

over the whole field angles both in ttt@10) plane and the structure calculation has been performed by using the full

(110) plane, although it is not perfectly continuous. The potential linearized augmented-plane-waveé~LAPW)

B, w, and u branches are observed in the limited angularmethod with the local-density approximatidhDA). We

range around thg111] direction. Thes branch is observed in used the room-temperature lattice constn8.0608 A and

a narrow angular range centered at i@@1] direction. Thes  the fractional coordinates of P at the 249 sitexa0, y

branch is observed in a wider angular range in (&0 =0.3594, andz=0.1434 for the calculatioft: The details of

plane except nedr00Q]. the calculation are essentially the same as in Ref. 15. Figures
We have measured the transverse magnetoresistandeand 5 show the calculated energy band structure and the FS

(TMR), Ap/p=[p(H)-p(0)]/p(0), in LaRyP;5 to confirm in LaRwP,,, respectively. The FS is composed of the 46th,

the existence of an open orbit on the FS. Figure 3 shows thé7th, and 48th band hole sheets. The main difference with

field dependence of TMR for the field along tht00] and  the FS of PrRyPy, is the existence of the 46th and 47th

[101] directions and the inset shows the angular dependenc&#all hole sheets in LaRB;, while PrRuP;, has only a

of TMR under the constant fields in tl#@10) plane. As was Mmultiply connected 49th band hole-FS sheet with one band

also observed in LaRB;,,'° the angular dependence of TMR counted for two localized f4electrons'® The 46th and 47th

in LaRwP;, is highly anisotropic, suggesting the existencebands form nearly spherical sheets centered af tip®int,

of an open orbit. Actually, as shown later, we have observedvhich stretch slightly along th¢l11) and(100 directions,

the multiply connected48th band hole FS in LaRuP;,  respectively. The 48th band gives a multiply connected

which is similar to that of LaF#;,. LaRuP;, is an uncom-  hole-FS sheet centered at thepoint. Its shape is roughly a

pensated metal with a different carrier concentration of elecround cube whose volume is nearly one-half of the BZ size

trons and holes, since it has one molecule per unit cell. Iand has a good nesting vectpr(1,0,0 as expected also in

the 49th band FS of PrRB,,.
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theoretical dHVA frequencies in LaR®y,. The dHVA branches in-
dicated by the closed marks (h) are identified by the experiments.
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the experiment and the thed®¥/Such a large mass enhance-
LaRu.Py, ment in the La compound is also found in LaPg.® The
large mass enhancement in LgRy should be ascribed to
the electron-phonon interaction, taking into account the
rather high value of the superconducting transition tempera-
ture Te. Following the McMillan formula with the value of
Coulomb pseudopotentigk*=0.132* the Debye tempera-
ture Op=405 K, andT=7.3 K22 the electron-phonon cou-
pling constant is estimated to be 0.65 in LaRy, which is
considered as a moderate-coupling superconductor. The
value of y=44.4 mJ/mol K and the jump of specific heat at
Tc yield the ratioAC/yT-=1.58, which is larger than 1.43
of weak-coupling BCS theory.

The most probable reason why some of the theoretical
branches are not observed in the present experiment, particu-
larly for the large dHVA orbits, is a strong reduction of the
dHVA signals due to their large curvature factdk$ (A”
=|6?Al 5k, whereA is the extremal cross-sectional area of
the FS andky is the wave-vector component along the field
direction.?® The rapid change oA as a function ok, i.e.,
the large value of”, diminishes the dHvA amplitude for that
extremal area. For the field anghe30°: A”=0.14 for thea
(©) band 46-hole branch whereag\"=22 for the ¢ branch in the calculation

[see Fig. Pb)]. However, that is not the case ferand

FIG. 5. The Fermi surface of LaR®,,. The estimated volumes pranches, which originate from the 47th and 46th band FSs,
of the = and » band FSs are~0.3% and~0.2% of the BZ, e  forH|/[111], A’=0.18 for ther branch and\"=0.61 for
respectively. the # branch. The experimental limitations, i.e., insufficient

temperatures and magnetic fields, could not be the origin of

The calculated dHVA frequencies, shown in Figp)2rea-  no observation of- and 5 branches, since the branch with
sonably reproduce the angular dependence of the observegnost the same curvature factoh’=0.4) and the larger
dHvA branchesy, B, o, &, andu, exceptw. Thea' branch  effective mass(see Table )l than those of ther and 7
is found to originate from the electronlike orbits in the 48th branches(the calculated effective masses fdtl[111] are
band FS. The other dHVA branches predicted in the bando_34no for the 7 branch and 0.28, for the » branch has
structure calculation have not been observed in the presegken clearly observed. Therefore, dHVA signals should be
experiments, and the probable origin of this discrepancy igpserved if ther and 5 branches really exist. The disagree-
discussed later. We have also estimated the cyclotron effegnent petween the experiment and calculation concerning the
tive massm, from the temperature dependence of the dHVA ang 5 branches may be ascribed to the small difference of
amplitude. The comparison of dHVA frequencies andbe-  the |attice parameter and/or the effect beyond the LDA treat-
tween the experiment and calculation is given in Table I. Thgnent. Note that the band-structure calculation shows the ab-
effective mass in the experiment is enhanced roughly twicgence of the FSs responsible for theand 5 branches in
compared with the calculated one, which is consistent withprry,p, , though the difference of lattice parameter between
the enhancement of the Sommerfeld coefficigptbetween LaRu,P;, (8.0608 A and PrRuP,, (8.0424 A is quite small

(~0.2%).2* Thermal expansion measurement suggests that

TABLE I. Comparison of the dHvA frequendy and cyclotron  the |attice constant decreases about 1.2% at low temperatures
eﬁectivg massm, between the experiment and the band-structure(gzo K) in LaRw,P;,.25 The band-structure calculation using
calculation in LaRiPy>. the low-temperature lattice parameters will be clarified in
future work.

. . From the present dHVA experiment and the band-structure
Field direction BranchF(x10'0¢) m,/my F(X10°0¢) m/my  calculation, we have confirmed that the shape of the main FS
of LaRwP;, is like a distorted cubgsee Fig. ga)] and its

Experiment Theory

Hil[100 ; 2'?1 ;'2 g';‘? ;.3471 volume is nearly one-half of the first BZ, indicating the pres-

i : : ’ ) ence of good nesting instability with=(1,0,0. The band
HI[110 @ 6.40 6.65 473 calculation in PrRyP,, also predicts the nearly perfect FS

€ 0.50 2.6 0.61 140 npesting, leading to the M-I transitidf:1” The obtained to-
HI[111] @ 7.70 9.0 7.50 4.73  pology of the main FS in LaR#;, is similar to that by band

B 2.89 11.8 3.05 3.8 calculation in PrRyP;.

® 0.99 3.0 Then such a M-I transition should be expected also in

P 0.19 392 017 132 LaRuP;, however none has been reported yet; at least the

resistivity and specific-heat measurements show no M-I tran-
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sition aboveT..?® One can infer that the presence of two the conduction electrongc-f hybridization increases to
small sphericalr and » band FSs predicted by the band some extent across and aboVg,. Considering all these
calculation, which are absent in PrfRy,, might suppress the facts, naturally, the present experiment suggests an essential
M-I transition in LaRuP,,. However, the absence efand»  4f-electron contribution, which is the main difference be-
branches in the present experiment rules out such a scenatigeen the two compounds, for the M-I transition. Tbd

with large reliability as mentioned above. In PRy, the  hybridization might cooperate with the FS-nesting condition
change of crystalline structufe®and the marked increase i, causing the M-I transition in PrRB,,, which explains the

of resistivity belowTy, (Ref. 2 are explained by the nesting spsence of the M-l transition in Lag®, with no
model, suggesting the disappearance of the entire FS beloy_a|ectron contribution.

Twi, based on the band-structure calculations with the local-

ized 4f electrons-"'8Note that in PrFgP;,, which shows an We thank Professor C. Sekine, Professor I. Shirotani, and
antiferro-quadrupolar transition below 6.5 K, where only theProfessor K. Iwasa for the informative discussion. One of the
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